Electronic characterization of solution-synthesized graphene nanoribbons using scanning tunneling microscopy by Berg, Abigail
© 2021 Abigail Berg
ELECTRONIC CHARACTERIZATION OF SOLUTION-SYNTHESIZED





Submitted in partial fulfillment of the requirements
for the degree of Master of Science in Electrical and Computer Engineering
in the Graduate College of the
University of Illinois Urbana-Champaign, 2021
Urbana, Illinois
Adviser:
Professor Joseph W. Lyding
ABSTRACT
This thesis reviews the methods of using bottom-up synthesis to fabricate
atomically precise graphene nanoribbons (GNRs). Previous works of on-
surface heterojunction GNRs and the dry contact transfer method for solution-
synthesized GNRs are presented to show the current status of GNR fab-
rication. The electronic characterizations of the chevron GNR and new
chevron/7A heterojunction GNR with functionalized side chains are also pre-
sented using scanning tunneling spectroscopy in a room temperature scan-
ning tunneling microscope. The initial findings of the chevron/7A GNR with
functionalized side chains are presented as the building blocks towards com-
bining DNA origami and GNR precursors. Finally, a method is proposed to
fabricate organized GNRs by attaching GNR precursors to ssDNA to make
DNA origami.
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For the past fifty years, silicon technology has followed Moore’s law of dou-
bling the number of transistors on a chip every two years. As the channel
sizes have shrunk, more detailed gates have been fabricated to reduce short
channel effects. Most recently, Intel has begun fabricating stacks of gate-
all-around field effect transistors (FETs). The gate is completely wrapped
around the channel instead of three sides as used in finFETs [1]. However,
even with special fabrication techniques, silicon is reaching its scaling limit.
A new material is needed to continue increasing transistor density. Two-
dimensional materials may be a viable way to continue Moore’s law. At only
one to three atoms thick, one layer of a 2D material would not suffer from
short channel effects. The reduced dimensionality would also increase the
number of transistors on a chip for stacked transistors.
1.2 Graphene
According to Andre et al. [2], graphene has held experimental researchers’
interest since 2004 when Novoselov and Geim showed monolayer graphene
stability in air using the Scotch-tape method and even farther back for the-
oretical researchers. Graphene is a diatomic hexagonal lattice of carbon
atoms forming sheets with each sheet separated by van der Waals forces. In
the plane of the sheet there are two distinct directions. As seen in Figure
1.1, along the horizontal direction graphene follows a zig-zag shape [3]. Sixty
degrees off of the horizontal edge, the edge symmetry switches to what is
referred to as the armchair edge.
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The combined mechanical, electronic, optical, and thermal properties of
graphene are nearly unparalleled by any other material. Suspended graphene
has a mobility of 220,000 cm/V·s and thermal conductivity of 5000 W/K·m
[2], making it a desirable material for transistor technology. At only an
atom thick, graphene absorbs a relatively large amount of white light at 2.3
percent [2], which is of potential interest for solar cell fabrication. While
graphene has many attractive electronic, optical, and thermal properties it
lacks a bandgap. In reciprocal space, the valence and conduction bands
touch at each of the K points, forming a semi-metal as seen in Figure 1.2 [2].
Thus, allotropes of graphene have been made in efforts to create a bandgap.
Buckyballs are small spheres of graphene, carbon nanotubes (CNT) are rolls
of graphene, and graphene nanoribbons are strips of graphene. CNTs are of
interest because of their relative ease of fabrication and wide variety of sizes.
The chirality of a CNT determines whether the nanotube is semiconducting
or metallic. However, there is yet to be a consistent method of synthesizing
specific chiralities. About a third of all CNTs are metallic, making them
difficult to use for logic devices. Thus, we are left with graphene nanoribbons
(GNRs).
1.3 Graphene Nanoribbons
Graphene nanoribbons (GNRs) are quasi-1D strips of graphene. By reducing
the dimension of the graphene in one direction a bandgap opens up through
quantum confinement [2]. In graphene nanoribbons the width and edge struc-
ture determine the electronic properties. All GNRs with a zig-zag edge along
the length are considered metallic, while armchair edge GNRs are semicon-
ducting. As a general rule, the wider the GNR, the smaller the bandgap.
GNR bandgaps can be tuned from 0.3 to 2 eV depending on the width and
edge structure of GNR. The focus of this thesis is limited to the armchair
edge GNRs since they are semiconducting. The number of carbon atoms in
a straight armchair GNR determines the name. For example, if we take the
orange highlighted section in Figure 1.1 as a GNR, it would be called a 7A
GNR where A denotes that it is an armchair edged GNR.
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1.4 Scanning Tunneling Microscopy
In order to image and characterize GNRs, a non-destructive method is re-
quired. Scanning tunneling microscopy provides high-resolution imaging on
metal and semiconducting substrates. A tunneling current is formed by
bringing a sharp tip about one nanometer from the substrate surface and
applying a voltage bias from the tip to sample. Electrons tunnel through the
vacuum barrier creating a current flow. Under a positive bias from sample
to tip, electrons from the filled states of the tip flow to the empty states in
the sample, and vice versa for a negative bias. As the tip rasters across the
surface, its height above the surface is adjusted maintain constant current.
The changes in height are converted into an image of the surface topography.
In order to electronically characterize the sample, scanning tunneling spec-
troscopy is used. At the desired point in the image, the tip position is fixed
and the current is measured as the voltage is swept between predetermined
limits. The bandgap can be determined by plotting the logarithm of the
current versus the voltage. In the conduction and valence band we expect
current to flow, while in the bandgap, since there are no states, no current
will flow. Thus, the width of the voltage sweep that has negligible current
flow can be determined as the bandgap. Furthermore, the local density of
states can be determined by measuring the tunneling conductance dI/dV
using a lock-in amplifier or by numerical differentiation of the I-V data.
1.5 Thesis Statement and Organization
This thesis aims to provide an overview of the electronic properties of bottom-
up synthesized GNRs using an STM. The aim is to show not only the variety
of different possible GNRs, but also the process to achieve GNRs with deter-
ministic sizes and heterojunctions. The thesis is organized to give a detailed
look at GNR synthesis methods, specifically bottom-up methods in Chap-
ter 2. Chapter 3 provides an overview of the electronic characterization of
the on-surface synthesized 7/9 superlattice GNR and the chevron/N-doped
chevron heterojunction GNRs. Chapter 4 introduces the dry contact trans-
fer method for the solution-synthesized chevron GNR. Chapter 5 introduces
DNA origami and its design process. Chapter 6 gives an introduction and
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preliminary results for the functionalized heterojunction GNRs, and Chapter
7 discusses future work.
1.6 Figures
Figure 1.1: Graphene sheet with an armchair edge GNR highlighted in
orange and a zig-zag edge GNR highlighted in blue [3].
Figure 1.2: Energy bands of graphene in reciprocal space. The bands form





There are two main methods to fabricate GNRs: top-down and bottom up.
A number of factors determine a good GNR synthesis method. Since most
of the electronic properties of GNRs are determined by the edge structure
of the GNR, it is vital that the synthesis method have atomic precision. For
industry, GNRs need to have uniform length and width as well as control-
lable alignment on the substrate. To make devices, the GNRs need to be
synthesized or transferred onto semiconducting or insulating materials, so
chemical contamination should also be considered.
2.2 Top-down Synthesis
Top-down synthesis is achieved using e-beam lithography. By lithographi-
cally writing each GNR, we maintain control over the length, width, and
alignment of the GNR. Such control is ideal for making GNRs directly on
the target substrate since we could write GNRs exactly where the devices
are desired. However, the beam size is larger than the carbon bonds, making
it difficult to fabricate GNRs less than 5 nm wide. Also, the writing process
often creates rough, uneven edges on the GNRs, which greatly reduces the
electronic properties such as carrier mobility.
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2.3 Bottom-up Synthesis
Bottom-up synthesis uses basic building blocks to form GNRs. This method
is able to control the edge structure and width of the GNR through surface
or solution chemistry. Both of these methods are able to synthesize a large
variety GNRs with consistency because the edge structure and width of the
GNR are determined by the starting precursor. Unlike top-down synthesis,
the fabrication process is stochastic, so there is no control over the length or
alignment of the GNR.
2.3.1 On Surface
In 2010, Cai et al. [4] published a way to grow atomically precise GNRs
on Au(111) using commercially available precursors. Figure 2.1 shows a
schematic of this process using 10,10’-dibromo-9,9’-bianthryl (DBBA) as the
initial precursor to make the 7-A GNR [4]. The precursors were sublimated
onto the surface, following by heating the surface to 200 oC to debrominate
the precursors and form C-C bonds, resulting in polymeric chains. The
Au(111) substrate acted as a catalyst to make the C-C bonds between the
precursors. A subsequent 400 oC anneal cyclodehydrogenated the chains,
closing the benzene rings and forming the final GNR [4].
Cai et al. also showed this method would work for different precursors as
shown in Figure 2.1, making the chevron GNR (cGNR). An STM image of the
cGNR can be seen in Figure 2.2 on Au(111) [4]. The distinct edge structure
of the cGNR can be clearly seen, proving that this method is capable of
producing atomic precision. However, some defects can be seen in the lower
right corner where the main GNR has short GNR pieces protruding on the
side. It is also clear that there is no set length or alignment of the cGNRs
on Au(111). Both of these are results of a stochastically driven synthesis
process. Scaling using this method would be challenging as these GNRs
were synthesized in a UHV chamber on Au(111). Because the substrate is
metallic, the GNRs would have to be transferred off of the gold and onto
another substrate to make a device. This transfer would most likely lead




A few years later Vo et al. [5] demonstrated a process similar to that of
Cai et al., but they used solution chemistry instead of the gold substrate.
Instead of using thermal activation steps, solution synthesis uses a coupling
reaction like Yamamoto or Suzuki coupling [5]. The Scholl reaction is used
to cyclodehydrogenate the GNRs. The steps for the cGNR can been see in
Figure 2.3a. Figure 2.3b shows the precursors in small vials of the precursors,
the carbon chains after debromination, and the final GNRs after cylcodehy-
drogenation [5]. Further evidence of achieving atomic precision is shown in
Figure 2.3c,d where the cGNR is shown before and after cyclodehydrogena-
tion using a low-temperature STM on Au(111) [5]. While a transfer is still
necessary, these GNRs can be made up to gram quantities which is enough
to cover 19,000, 300 mm wafers.
2.4 Figures
Figure 2.1: Synthesis steps for on-surface synthesis. Precursors are heated,
leading to debromination and the formation of C-C bonds and polymer
chains, and then undergo a higher heating step to cyclodehydrogenate and
form GNRs. a: Steps for the 7A GNR. b: Steps for the chevron GNR [4].
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Figure 2.2: Low-temperature STM image of cGNR on Au(111). The gold
herringbone reconstruction can be seen in the background. The cGNRs
have random alignment on the surface and a couple of GNRs show defects
of short GNR chains coming off of the main GNR [4].
Figure 2.3: a: Solution synthesis steps of the chevron GNR. b: Vials of the
intermediate steps for solution-synthesized GNRs. Vial 3 is the
commercially available precursors, vial 4 is after the precursors are coupled
together, vial 5 is the final GNR powder after cyclodehydrogenation. c,d:
Low-temperature STM images of the solution-synthesized cGNRs before





3.1 Introduction and Motivation
Heterojunctions are very common when making photovoltaic and electronic
devices as complex structures often need different sized bandgaps to improve
device performance. Here we present two different GNR heterojunctions.
The 7A/9A GNR forms an organized superlattice to create non-trivial topo-
logical states, while the chevron/N-doped chevron GNRs form a pn junction.
3.2 7A/9A Superlattice GNR
3.2.1 Motivation
Heterojunctions of different GNRs are of interest for their potential to create
new topological phases. The 7A GNR is not topologically significant, but the
9A provides a topologically interesting state. Combining them forms a band
dispersion dependent on the hopping amplitudes of the two GNR segments
as expressed in Equation 3.1, where t1 and t2 are the hopping amplitudes
of the 9A and 7A GNR respectively. This also means the bandgap and
bandwidth are tunable as seen in Equation 3.2 and 3.3. In order to synthesize
a controllable superlattice, the normal 7A and 9A GNR are not used since
that would lead to random distributions of the 7A and 9A sections in a
GNR. Instead a new precursor was formed such that the length of the 7A
and 9A section was predetermined. This also ensures that the entire GNR




t21 − t22 + 2t1t2 cos k (3.1)
Eg = 2||t1| − |t2|| (3.2)





The 7A/9A superlattice GNR was synthesized using an on-surface method
similar to that of Cai et al. Rizzo et al. [6] first synthesized a precursor
that had the 7A/9A junction built in by combining 6-bromo-(1,1’-biphenyl)-
3-carbaldehyde and 2-naphthol to make xanthene. The xanthene was dehy-
drated of the intermediate xanthenol, resulting in pyrylium salt. The final
precursor is obtained as the condensation of pyrylium salt with the sodium
salt of 2-(10-bromoanthracene-9-yl)acetic acid as scene in Figure 3.1a. The
asymmetry promotes the precursor to make C-C bonds head-to-head and
tail-to-tail [6]. The precursor was sublimated onto Au(111) and followed the
steps by Cai et al. as written of in Chapter 2 [4] and shown in Figure 3.1b.
Figure 3.1c-f shows the 7A/9A superlattice precursors, intermediate step be-
fore cyclodehydrogenation, and final GNR on Au(111), respectively, in a
low-temperature STM. Figure 3.1e is a C-O bond resolved STM image show-
ing a detailed view of the 7A/9A superlattice GNR [6]. Figure 3.1e shows
the finished GNRs randomly spread across the surface with many appearing
to curve around other GNRs.
3.2.3 Electronic Characterization
STS was used to determine the bandgap and local DOS. The experimental
bandgap of the superlattice was determined at 0.74 ± 0.04 eV on Au(111),
significantly smaller than 7A and 9A GNRs individually [6]. The 7A GNR has
a bandgap of 2.3 eV, and the bandgap of the 9A GNR is 1.4 eV on Au(111).
In Figure 3.2a point A refers to the valence band, B and C are topological
induced states, and D is the conduction band. DFT simulations agree with
a smaller bandgap predicting a bandgap of 0.52 eV. The superlattice creates
non-trivial topological states in the bandgap of the 7A and 9A GNR [6].
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Thus the conduction band is actually the occupied topologically induced
band (OTB) and the valence band is the unoccupied topologically induced
band (UTB) as seen in Figure 3.2d. Figure 3.2b,c also show the experimental
and simulated local DOS at different voltages [6].
3.3 Chevron/N-doped Chevron Heterojunction GNR
Continuing their on-surface synthesis of new GNRs, Cai et al made a het-
erojunction between the regular chevron GNR and a chevron GNR that has
four nitrogen atoms at the top of the chevron peaks. The nitrogen doping
shifts the electronic band type since nitrogen has an extra electron compared
to carbon. The synthesis method used was the same as previously written in
Chapter 2, but with two different precursors. In order to nitrogen dope the
precursor, the monomer 1,2-di(pyrimidin-5-yl)ethyne was used to replace two
of the phenyl rings with pyrimidinyl rings seen in Figure 3.3a. This formed
5,5’-(6,11-dibromo-1,4-diphenyltriphenylene-2,3-diyl)dipyrimidine as the ni-
trogen doped precursor as seen in Figure 3.3b [7]. In order to improve the
probability of forming heterojunctions via copolymerization, the two precur-
sors were deposited alternately on the Au(111) substrate at 200 oC. [7]
After synthesizing, STM images of the heterostructures on Au(111) can
be seen in Figure 3.4 where there is a fairly dense area of GNRs. Visually
it is very difficult to determine which GNR section is chevron and which is
N-doped. However, normal N-GNRs attract each other because of the N-
H hydrogen bonding interaction between the peripheral bipyrimidine units,
in contrast to cGNRs which repel each other [7]. A more concise way to
determine where the junctions are is to measure the differential conductance
because the N-GNR has a distinct electronic structure. Figure 3.4d,e show
the junctions of the GNRs in Figure3.4c. At -0.35 V and -1.65 V, dI/dV maps
show distinct contrast of the different GNR sections. Figure 3.4 artificially
highlights the cGNR and N-GNR as grey and blue respectively [7].
While Cai et al. did no experimental electronic characterization, they did
simulate the bandgap structure using DFT calculations. They found that the
cGNR and N-GNR have similar bandgaps at 1.6 eV and 1.5 eV respectively,
but different band offsets. The N-GNR valence band offset is 0.6 eV lower
than the cGNR and 0.7 eV lower at the conduction band. Theoretically this
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means the GNR junction should form a type-II staggered gap heterojunction
as seen in Figure 3.5b. The local DOS was also simulated showing a thin 2
nm region where the band bends as it goes from chevron to N-doped GNR
[7].
3.4 Figures
Figure 3.1: Synthesis steps of the 7/9 superlattice GNR. a: Starting with
two molecules to make pyrylium salt. The condensation from pyrylium salt
and the sodium salt of another molecule was used as the precursor. b:
Surface synthesis steps of forming C-C bonds between the precursors and
cyclodehydrogenation forming the final GNR. c: STM image of the
precursors before forming C-C bonds. d: STM image of the GNR before
cyclodehydrogenation. e: Final GNRs on the surface. f: Bond resolved
STM image of the superlattice. All STM images were done on Au(111) at
4K.
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Figure 3.2: Electronic characterization of 7/9A superlattice GNR. a:
Experimental conductance versus the sample bias, A-D are the major peaks
in the spectrum. The dotted black curve is the spectra of the substrate,
blue corresponds to the 9A GNR segment, and red is the 7A GNR segment.
b: Experimental map of the local DOS at each of the peaks noted in a. c:
Theoretical simulations of the local DOS at center of each peak noted in d.
d: Theoretical graph of the energy away from the Fermi level and the DOS,
which correlates to the experimental graph in a.
13
Figure 3.3: a: Monomer used as the N-dopant for the chevron GNR. b:
Chemical structure of the N-doped cGNR c: Regular cGNR precursor [7].
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Figure 3.4: a: Sketch of a potential c-N GNR. b: STM image of c-N GNRs
on Au(111), scale bar 15 nm. c: Close-up image of c-N GNR. d:
Differential conductance map of GNR in c at -1.65 V. e: Differential
conductance map of GNR in c at -0.35 V. f: Artificially highlighted sections
of the cGNR in blue and N-GNR in white, scale bar for c-f 2 nm [7].
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Figure 3.5: Simulations of the electronic characterization of chevron
heterojunction. a: Sketch of c-N GNR heterojunction. b: Band energy
diagram of the cGNR, called the p-GNR the figure: c: Partial DOS for the
cGNR and N-GNR with the Fermi level set at equilibrium. d: Band energy
diagram of the N-GNR. f: Sketch of the c-N GNR used for the DOS
simulation in e. e: Simulation of the local DOS of the heterojunction GNR
shown in f. g: The potential change at the junction shown in f [7].
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CHAPTER 4
DCT EXFOLIATION OF THE CHEVRON
GNR ON H:SI(100)
4.1 Motivation
The bottom-up synthesized GNRs allow atomic precision and control over
the edge structure, and the solution-synthesized method can be made in gram
quantities with relative ease. However, we still need to consider how to trans-
fer the GNRs from the vial to a clean surface. The Sinitskii group suspends
the finished GNRs in solution to deposit them onto the gold substrate, but
that would leave chemical residue and could contaminate a semiconducting
substrate. Mechanical transfer, such as the scotch tape method, reduces the
chemical contamination, but lacks placement control. Here we present a clean
mechanical transfer method to transfer GNRs that is UHV compatible, but
with limited placement control. Ideally the best transfer method would have
control over the placement and alignment of the GNR. A future potential
method with alignment control will be discussed in Chapter 5.
Albrecht and Lyding [8] published a way to cleanly exfoliate monolayer
graphene and CNTs onto a substrate by using the dry contact transfer (DCT)
method. A fiberglass applicator is embedded with a dry low-dimensional
material and stamped in situ onto the desired substrate. A layer of the
low-dimensional material is transferred from the applicator to the substrate.
Since the sample and applicator are in UHV, the transfer results in minimal
surface contamination and can be repeated multiple times. This method can




In order to electronically characterize the solution-synthesized cGNR, the
Sinitskii group sent the Lyding group a vial of the finished GNR powder.
The powder was applied onto a DCT applicator and exfoliated onto hydrogen
passivated silicon, H:Si(100). In Figure 4.1 we can see a cGNR against the 2x1
dimer row reconstruction of the Si(100) background. A sketch of the atomic
structure is overlayed at the top of the cGNR [9]. The GNR is overhanging
a Si terrace which is most likely why the bottom right corner of the GNR
looks less defined than the top of the GNR.
In Figure 4.2 the bandgap was determined by taking STS at the edge and
center of the GNR [9]. The validity of the measurement was determined by
also taking an STS measurement of the H:Si(100) substrate since we expect
the bandgap of the substrate as 1.12 eV. The experimental bandgap of the
cGNR was determined as 2.8 ± 0.1 eV by Radocea et al. [9]. Density
functional theory (DFT) simulations and a correction factor using Green’s
theorem (GW) calculations were used to compare with the experimental
value. Tao Sun from Professor Narayana Aluru’s Group at the University
of Illinois at Urbana-Champaign did the simulations for the cGNR. The
DFT simulation estimated the cGNR would have a bandgap of 1.5-1.75 eV
with GW corrections increasing the anticipated bandgap to 3.64-3.74 eV
[9]. It is well known that DFT simulations underestimate the bandgap by
up to 50 percent, which is why GW corrections are also used. However,
added screening effects from the substrate reduce the expected bandgap of
the cGNR on Au(111) to 1.96 eV. The experimental value Radocea et al.
found at 2.8 eV on H:Si(100) is considered valid as there is less screening
effect from the substrate compared to gold [9].
While most of the GNRs worked on in the Lyding group are scanned
on H:Si(100), unpassivated Si(100) is another possible option to scan on.
Radocea et al. wrote a nanolithography line (NL) in the H:Si(100) across a
GNR. The line depassivates the silicon underneath, making it clean silicon.
Figure 4.3c shows a cGNR with an NL line drawn in the direction of the
arrow. The STS maps comparing the cGNR on only H:Si(100) and clean Si
are shown in Figure 4.3d,e respectively. The white horizontal arrow indicates
how long the GNR is on the STS map. In Figure 4.3e there are a couple of
places where the bands seem to touch, making it locally metallic. Simulations
18
done by the Aluru group attributed this to the formation of weak random
Si-C bonds when clean Si(100) interacts with the GNR [9], creating the local
metallic STS in experiments.
4.3 Figures
Figure 4.1: cGNR on H:Si(100). The 2x1 silicon dimer row reconstruction
can be seen in the background. The top portion of the cGNR has an
overlay of the atomic structure of the GNR. Scale bar is 5 nm [9].
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Figure 4.2: a: STS of cGNR along the white dotted line, plotting the
conductance, dI/dV versus sample bias. The black dot is the STS of center
of the GNR, the red dot is taken at the edge of the chevron tip, and the
blue dot is the background Si sample. The spacing between the peaks can
be taken as the bandgap. b: STS map of the cGNR along the white dotted
line of the inset in the left image. The color map indicates the conductance
with respect to the sample bias across the H:Si(100) and cGNR. Where the
conductance drops to zero we can take as the valence and conductance
band edges. The silicon and GNR band edges are marked as Si VB/CB and
G VB/CB respectively [9].
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Figure 4.3: a: cGNR on H:Si(100) with STS taken along the white dashed
line. b: NL line in the direction of the white arrow written at a sample
voltage of +8 V, tunneling current of 0.1 nA with a tip velocity of 10 nm/s.
c: STS of cGNR after NL along the dashed white line. Scale bar for STM
images is 5 nm. d: STS map along the dashed white line in a. e: STS map
along the dashed white line in c. f: Height profile of the cGNR before and
after the NL line colored in red and blue respectively. g: Partial density of
states versus the energy between the conduction band and Fermi level, red
corresponds to the GNR on H:Si(100) while the blue is the PDOS of the
GNR on clean Si(100). h: Simulation of atomic bonds of the cGNR on
H:Si(100). i: Simulations of the atomic bonds of the cGNR on clean
Si(100). The GNR is drawn closer to the surface forming weak Si-C bonds




5.1 Introduction and Motivation
Using bottom-up synthesis we are able to control the GNR width and edge
structure. GNR heterostructures can also be fabricated without defects us-
ing on-surface synthesis. However, the length of GNRs and precursor order
for heterojunctions are still random. DNA origami is a promising way to
achieve deterministic length and precursor order. DNA origami is made up
of single-strand DNA (ssDNA) connected by the “sticky ends” using standard
Watson-Crick pairings [10]. By attaching GNR precursors to the ssDNA, the
precursors are naturally arranged in a certain order when the ssDNA takes
the desired form.
In 1980, Seeman and Sleiman [10] conceived of DNA origami when con-
sidering how to make four-way junctions in DNA as shown in Figure 5.1.
ssDNA naturally will join with other ssDNA via the sticky ends. In 2006,
Rothemund [11] published a “one-pot” method to synthesize DNA origami
[11]. By forming ssDNA with particular types of sticky ends, a pot of ssDNA
will naturally organize in a pre-determined shape. This can be used to make
simple shapes such as boxes, and complex shapes like smiley faces and stars
as seen in Figure 5.3 [10].
5.2 Design and Synthesis
Before the DNA origami is synthesized, the desired shape is drawn out by
hand and with computer assistance. The first draft is drawn outlining the
desired shape and filling with horizontal cylinders as seen in Figure 5.2a [11].
Cylinders are used in place of DNA and scaled to approximately the length
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required for a double helix to make one full rotation. A single pathway is
drawn over the cylinders indicating where the ssDNA scaffolding will be, as
seen in Figure 5.2b. This data is input into a computer to make “staple
strand,” short ssDNA strands made of complementary bases to the main
scaffolding, which helps maintain the shape once the DNA shape is fabricated
as seen in Figure 5.2c. The staples are moved around to reduce the strain
from the twisted areas where the DNA crosses over into the next cylinder,
and to bind the seal together [11].
Dr. Rothemund first used DNA from the virus M13mp18 because of its
naturally occurring ssDNA. Figure 5.3 shows a variety of the shapes DNA
origami can take [11]. In the top row, orange indicates where the strand
starts and pink indicates where the DNA ends. The middle and bottom
rows show AFM images of the finished DNA origami shapes of stars, smiley
faces, and connected rectangles forming the borders of a triangle. Some of
the shapes appear only partially formed or malformed because it is too close
to a neighboring shape. This is attributed to strands breaking during the
removal of the enzyme BsrBI, used to cut the ssDNA during the synthesis
[11].
5.3 Figures
Figure 5.1: A four-way DNA junction. ssDNA will naturally organize in a
pre-defined shape according to the Watson-Crick pairings [10].
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Figure 5.2: DNA origami design. a: Cylinders across the desired shape
scaled to the size of one turn in a double helix. b: A single pathway
indicating the path of the ssDNA along the cylinders. c: Short staples
made of complementary bases to the main scaffolding drawn to hold the
desired shape [11].
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Figure 5.3: Sampling of shapes using DNA origami of stars, smiley faces,
and connected rectangles forming the borders of a triangle. Top row: color
schematic of the DNA path, orange shows where the DNA strand starts
and pink indicates where the strand ends. Middle row: AFM images of a
single shape on mica, all images 165x165 nm. Bottom row: AFM images of
DNA origami on mica, white arrows indicate where two separate triangles
meet, scale bar 100 nm [11].
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CHAPTER 6
REDUCED CHEVRON AND FUNCTIONAL
HETEROJUNCTION GNRS
6.1 Motivation
Functional groups act as the glue to attach GNR precursors to ssDNA. The
Sinitskii group first synthesized the reduced chevron as a proof of concept
that functional side chains can be attached to GNRs. In order to attach
to ssDNA a larger functional group was synthesized on the sides of a GNR
made with the 7A GNR and the chevron GNR.
6.2 Reduced Chevron
The reduced chevron (rGNR) has shape similar to that of the regular cGNR,
but with a less distinct chevron shape, giving it smaller cove-shaped areas.
These GNRs were synthesized using Suzuki coupling to connect the C-C
bonds of the precursors. Side alkyl chains were attached to the precursors
as functional groups. Figure 6.1 shows the structure of the rGNR with the
alkyl chains labeled R.
Initial STM images of the rGNR show increased height at the ends of
the GNR. Across the middle of the GNR the height is 3.37 Å, compared to
the ends of the GNR at 4.15 Å and 6.71 Å as seen in Figure 6.2a. This is
potentially from the side alkyl chains laying on top of the GNR. The reduced
resolution of the image seen in Figure 6.2 is due to the age of the H:Si(100)
and repeated DCT applications.
Figure 6.2b,d show the STS maps of the rGNR across the middle and the
end of the GNR. The bandgap of the GNR increases from 2.54 eV in the
middle to 3.35 eV at the end of the GNR. This could be from the alkyl
chains acting as an insulating layer, but more studies need to be done. The
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bandgap of the silicon is significantly larger than expected at 1.64 eV and
1.42 eV. This makes it more difficult to accurately determine the bandgap of
the GNR. A rough estimate can be determined by subtracting the amount
by which the silicon bandgap is off. This would put the bandgap of the GNR
across the middle at 2.02 eV and the end of the GNR at 3.05 eV. DFT and
GW calculations predict a bandgap of 1.38 eV and 3.53 eV respectively as
shown in Figure 6.3. This is a smaller bandgap compared to the regular
chevron GNR, most likely due to the reduced localized states in the cove-
shaped region.
6.3 Functionalized Heterojunction GNR
The Sinitskii group also synthesized a heterostructure of the 7A GNR and
the chevron GNR with functionalized side chains. Figure 6.4 shows the
precursors used to make the heterojunction GNR and Figure 6.5 shows a
low-temperature STM image on Au(111). We can see that the 7A and cGNR
are compatible for making connections, but the precursor order is random.
Figure 6.6 shows an atomic sketch of the GNR found in Figure 6.5. The
chevron precursors and 7A GNR alternate inconsistently. In order to attach
GNR precursors to the ssDNA, larger functional groups are needed than those
on the rGNR. Such functional side chains were attached during synthesis of
the 7A/chevron GNR as seen in Figure 6.7.
Because the side chains are larger than the alkyl chains on the reduced
chevron, there was a concern that the functionalized GNR (fGNR) would not
stick to the H:Si(100) substrate. After DCT’ing onto H:Si(100), this concern
was determined to be well-founded. To increase the probability of finding an
fGNR on silicon, we switched to clean Si(100) since the unpassivated silicon
is more reactive and thus is a stickier surface for GNRs to exfoliate onto.
Clean Si(100) is generally avoided because it degrades within two weeks in
UHV compared the H:Si(100) which can last for up to four months. The
dangling silicon bonds are more reactive, so any water in the system will
contaminate the surface faster than hydrogen passivated silicon.
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6.3.1 Electronic Characterization
STS measurements were taken of the fGNR on clean Si(100) as shown in
Figure 6.7c-e. The bandgap of the fGNR seems to be at least 4 eV, though
a larger voltage sweep of the STS would be required to determine more
accurate conduction and valence band bounds. There appears to be a semi-
transparency in Figure 6.7d along the GNR. Instead of distinct band edges
where the current decreases to the minimum, there is always some current
flowing, except at the Fermi level. This implies that there are always states
along the middle of the GNR. Most likely this effect is because of the random
Si-C bonds formed on clean Si(100) as seen earlier by Radocea et al., as noted
in Chapter 4. In Figure 6.7e there appears to be some substrate band bending
to the left of the GNR, decreasing the bandgap and making it slightly n-
type. Continued studies will be done to determine why this GNR is inducing
doping effects in the substrate, but a possible explanation would be a lower
workfunction for the GNR.
6.4 Figures
Figure 6.1: Atomic structure of the reduced chevron GNR with side alkyl
chains labeled R.
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Figure 6.2: a: Height profile of rGNR. b: STS map across the middle of the
GNR. c: STM image of rGNR on H:Si(100). d: STS map across the end of
the GNR.
Figure 6.3: DFT and GW simulation of the electronic bandgap of the
rGNR.
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Figure 6.4: Initial precursors and functionalized side chains used to make
the fGNR. The blue highlighted portions are the chevron GNR precursors
and the yellow highlighted portions are the 7A GNR precursors.
Figure 6.5: Low-temperature STM image of the 7A/chevron GNR on
Au(111).
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Figure 6.6: Structure of the 7A/chevron GNR from the low-temperature
STM image on Au(111).
Figure 6.7: STM image on clean Si(100) with the numbers corresponding to
STS measurements along the lines. 1-3: STS maps of the top, middle, and
bottom of the GNR in reference to the numbers in STM image. The green
dots correspond to the beginnings and end boundaries of the GNR.
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CHAPTER 7
FUTURE WORK AND SUMMARY
7.1 Future Work
Continued work on the electronic characterization of the rGNR and fGNR is
important to understand the impact of functional groups. It would be notable
if the placement of the GNR side chains impacts the electronic energy band
diagrams. Currently, the side chains cannot be imaged on the fGNR, and
are only assumed to be on top of the rGNR. However, further work towards
adjusting the scanning parameters may find a suitable current and sample
bias to see the functional groups.
Imaging ssDNA using the DCT method on Au(111) is the next step to-
wards combining GNR precursors and DNA origami. Previous work by the
Lyding group has shown that DCT exfoliation separated DNA into individ-
ual bases on clean Si(100). This was most likely due to the surface interac-
tions because clean Si(100) is highly reactive. By DCT’ing on Au(111) the
surface interactions should be more muted providing longer ssDNA chains.
H:Si(100) is also a viable option. While more reactive than gold, the hy-
drogen terminated silicon should be sufficiently nonreactive for short ssDNA
chains. Collaborative work with the Canary and Seeman group of New York
University is in progress to connect GNR precursors and ssDNA. Imaging




This thesis has provided an overview of bottom-up fabricated GNRs using
the on-surface and solution-synthesized methods. Both methods use commer-
cially available precursors and result in atomically precise GNRs. With the
long-term goal of making deterministic heterojunction GNRs, an overview
of the GNRs preceding this work was shown. The on-surface synthesized
7A/9A GNR and the chevron/N-doped chevron GNR were covered to show
the current limitations of making deterministic heterostructure GNRs for de-
vices. While the 7A/9A GNR produced a deterministic heterostructure, the
lengths of each segment were not tunable because the 7A/9A junction was
built into the precursor used instead of being two separate precursors. The
chevron/N-doped GNR used two unique precursors to obtain a heterojunc-
tion, but the lengths of each segment were random because of the stochastic
nature of the synthesis. Additionally, GNRs synthesized on-surface must
be transferred onto a non-metallic substrate since the Au(111) substrate is
used to catalyze the C-C bonding. This can lead to surface contamination
of the substrate the GNRs are transferred to because of the reactivity of the
substrate.
Solution synthesis of GNRs provides an alternative to on-surface synthe-
sis because it can be scaled easier and results in a dry powder that can
be transferred onto substrates without contamination using DCT. Solution-
synthesized cGNRs showed the DCT method can be used for GNRs on
H:Si(100) providing a means of determining the electronic characteristics of
the cGNR using STS. The rGNR and fGNR were introduced as new solution-
synthesized GNRs with functional side chains for the benefit of attaching to
DNA origami strands. Because of the large functional groups on the fGNR,
clean Si(100) was used as the substrate to increase the probability of the
GNR sticking to the surface. A brief introduction to the design and synthe-
sis of DNA origami was provided to show the “one pot” method to fabricate a
variety of pre-determined shapes based on the Watson-Crick pairings. Com-
bining DNA origami and GNR precursors could provide a way to fabricate
deterministic heterojunction GNRs. Finally, future goals were laid out to
make GNR devices using ideas provided in this thesis and nanometalization
to make the contacts.
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